
Performance Analysis of an all Digital B1’SK Demodulator

Jo}ln M. Gevargiz

jet IYopulsion 1 ,aboratory, ~’c’lc’col]lnl~l]~icat ion Systems Section, l>asact~ma  California, 91109

Abstract

A sirnu]at ion algorithm was developed to analym the performance of the binary phase shift key (111’SK)

Cmtas  loop coupled to the symbol sync loop (SS1,). 2 ‘his algorithm was clcwelopect  using COM 1 )ISCO’S

Signal l’recessing Work System. inputs to the algorithm included the signal parameters and receiver

specifications, such as Chstas and Symbol Sync I oop  bandwidths and update rates. The analysis was

pcrfornwcl for various signal-to-noise ratios and hp parameters.

I’he bit-error rate (11}11<), the SS1+ C.ostas loop tracking variances, and the receiver acquisition time results

include the two-way coupling effects between the Costas loop and the symbol sync loop. 3’0 provide

statistical stability, final results were generated by averaging the simulation outputs; using various

random noise seeds, initial carrier phases, and symbol timings.

The tracking variance and 1]111< results were further compared to their theoretical and experimental

counterparts.  This comparison has shown that simulation results are within 0.25 ctll of their theorcltical

and experimental counterparts. Uasect  on these results, the simulation models can be used for precl ict ing

the demodulator’s performance under various tracking conditions.



1. introduction

~’he existing Deep Space Network (I EN) receivers of the Jet l’repulsion I aboratory  (J I’I,) and National

Ar?ronautics and Space Administration (NASA) will be replaced by a digital receiver called the Block V

Receiver [1, 2]. “l’he input frequencies to the Illock V receiver are the S-band (2200 to 2300 Ml Iz), X-band

(8400” to 8500” M 117.) and Ka-band (31.8 to 32.4 G] Iz.) cfownlink signals, rt>ceivecl from the deep space

s:] telli tes explorinx the solar system uncfer the direction of JI’1, and NASA. 7 ‘he Dlock V receiver supports

data f(Jrlllats tllatllse sqllarewav(' ()rsiilew'a~'t'  slll>carri('r lllc)d Lllat(~d symbols witha resictualcarrim,as

well as a binary and quadrature phase shift keyed  (IH’SK and Q’SK) suppressed carrier.

‘1 his rcwiver  uses both software and hardware for processing the received ctownli nk signals. 3 ‘he receiver

sampling frequency is 160 M} Iz. [1]. The high-sped processing is performed usinc the C;a As application-

specific integratect  circuit (ASIC.) [3], and real-time software is used for in~plementinpj  the receiver

tracking loop filters and data ctek~ction alpy)rithms. This architecture allows for inlplementing  seconcf-

anct third-order tracking loops that are easily rc’-c(mfigurecl with bandwidths that range fron] 0.1 1 IZ to

1 .() kl 17..

The received signals from NASA/ jl’l. deep space satellites contain science and engineering data, The

I EN stations make every possible effort to minimize interference and to receiv~) and decode the signal.

SOme of these efforts include using the predicts of the I)oppler  information and signal-to-noise” ratio

(SNR) at the ground stations to optimize the receiver parameters. SOme of these parameters include the

free running frequency and frequency rate of the numerical control oscillator (NCO), and bandwidths of

the loop filters. ~ ‘he optimum receiver parameters are obtained using the analysis results of the rc~ceiver.

‘J’his paper discusses a simulation algorithm that is developed for stuctyinc the acquisition, tracking, and

error p~mformance of the 111 ‘SK ctemod ulator, a major element of the lllock V receiver. 7 ‘his cfemoclulator

consists of two coupled subsystems: the Costas loop and the symbol sync loop (SS1 ,). 1 ‘performance

analysis includes the convolutional encoder and the update filter. ‘1 ‘he upctatc filt~’rs arc’ used to update

the SS1. and C.ostas loop-filter inputs at 1 k} 17. and 10 k} Iz, respectively.

Figure 1 illustrates a simplified block diagram of the digital receiver’s tll’SK clenmlulator.  ‘1’11(’ simulation

algorithm used for determining the performance of the SS1 # and Gstas loop is inlplenwntecl  at the

symbol rate to avoid excessive simulation time, using the signal processing worksystem  (SI’W) [4].

‘1 ‘herefore, each simulation cycle corresponds to otw s!yltlbol increment i nsteacl  of a Sflltlplf’  increment.

l:igure 2 illustrates the SI’W inl~ol[’nl(’iltatic)n of the system depicted in Fig 1 that includes the signal

~cwerator, 111’SK  ctwmdulator,  k)ck detectors, and signal storage blocks. And, I:ig. 3 illustrates thf)
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detailed in~}>lc’tl~cl~tatiol~  of tlw I\l’SK demodulator; it shows the Costas loop, symbol sync loop, and

convolutional decoder.

Thisapp roach sigilificalltlyred~lc(’s  tl~(”c{~rlll)~ltatiO1l timeas compared to simulating the systemat tlw

sanq>lerate. Fmexample,  at tl~c’sal~~}>lit~ gfreq~lei]cyof  160 Mllzat~d400kl ~~>s,tl~~’r(’will” bc4(X)sanq>les

per symbol; therefore the simulation at the sample rate will be approximate y 4(N t i mes longer compared

to the symbol rate simulation.

%ctions  2 am-i 3 present the U1’SK Ckrstas kmp and SS1, models, respectively. And, Section 4 presents the

acquisition, tracking, and TIER results.

2 .  lll’SKCostas l,oop Models

3'l~('fLlt~cti()l~  al bl()ckdiagrai~~  () ftl~<`s~l}>}>ressed  carric'r l\I'SKdc'tc`ct( )rissl~~)\vl~ itll'ig. l. l;orthesakeof

simplicity, symbol timing is referenced to the SS1 NCO output. IIence  th~’ normalized recc’ived symbol

time is denoted by a time clepmdent variable, T,$,$,, (1). 2’lw time difference between the N(O timing and

thereceived  signal symbols is denoted by T,$$,,(f)l’. In practice, the NCO tracks the receivc>cf  synll~ols,

s~~~~kingtodin~il~ish  z,S$,,(f).l’l~~ ’rc’fc)re,t l~c’I\I’SK waveformat  the fmntencl  of tllc’rc’cc’i\’t’r isgivc’lll~y

s(/)= J2d(l+ zo7’)sil)[(oo(r  +zo7’)+60]+ l?(f) (1)

where

d(l) = i] = c'qlli~>r()l>able  ra]~d{)]l~ syl]~l}()ls  (cc)] ~\~()lliti()l~al  e1~c()d(`dt~its)

~’=  lpf.$y,)ll)”l = symbol period

(00 = lll’SK carrier frequency

T(l) =zo–zL$.fJf)  = symbol tillling [’rrorn ortl~ali7. L’d” toa symbol period

T,qy, (t ) = ssl, es[itllated syllll~[)l tilllir]~fort inlt’t

r. . symbol tilllillg,n[)rJllali7c’d toa symbol period, –0.5 (T. <0.5

00 carrier phase, -7r( 90 < Z

n(f) = additive whik’Gaussian  noiw

l~rc)~~~}~ig.  4, botllanalytical  at~dsirl~~llati() t~t()c)ls art' ~isc'd t()()l~tair~ tllc']>(Jrf(Jr~]~  at]cc'()f  tl]c'IlI'SKC()stas

lo(JIJ. 7'tlc`o11t]>llts oftl~eiiltegrate-alld-d  llrll}> filtc'rs ar('dt'ri\'c'd  analytically, whereas sirnulationisusect

forol>tail]illgtl ]c’c)lltj>lltsof the loop filters, numerically controlled oscillator, update filter, and phase

ctetector.
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Scclion 2.1 presents the analytical derivations of the Gstas loop, and Section 2,2 presmts  the sinlulation

models.

2.1 Gstas loop Analytical Models

l:rom l:ig. 1, tlw outputs of the in-phase (1) and qlladrdtllrc’-]>llasc’  (Q) arm filtm arc given by,

s,(/) = d[/ + T(I) T]cos{Ao(I)[I + z(I)7’] -I 0(0} + ~?,(f)
(2)

S{)(/) = d[r + z(/)7’]sit~{Ao( /)[~ -t 7(I)T] -t (1(f)} + nQ(f)

A(o(f)  c COO – CO,,,(I) = carrier frequency error

(O,,c (t ) = NCO frequency

0([) =00 -  O,,co(f) = mtimatd carrier phase error

O,,co (f ) = NCO phaw

~?](f) & ~?~(f) = 1 and Q components of the AWGN

SincL) tlw system of I:ig. 1 is a digital system, Rq. (2) can tw cwpressd  as

i = sampling index,
.,
1,, = sampling period = 1/}:,

‘C, = z(i7~, ) itl~ sample of the timing error (SS1. NCO output)

Acoi = A[o(i7,)  z itll sample of the frequency error (C.ostas loop NCO ou [put )

0,=-  0(i7,)  = it]) san~plc  of the carrier phaw error (Cmtas loop NCO Output)

(3)

l:rom l:ig. 4, the pha.w of Eq. (3), {Afoi(iT$  +- TiT) + 0,}, is analytically calculated by using the output 01

tlw N(X3 and the est imatd symbol timing. ~ ‘his calculated phase term and symbol polarity are then used

for calculating the outputs of the matched filters.
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lkom 1 ;q. (3), the outpLi ts of the matched filters inlplwmmtecl  using the integrate-and-cl Li mp filters can be

exprmd by

] ,,(1+1) ] ),(1<1)
M,(k)=– ~s, (n?q+-i >ln,  (n?7:J

11 ,,, =,,~ Ill - n

] m:]) , J,(h+J)
MQ(k)  =-- ~sQ(nlTJ +”; >%(w)

II m.d III- II

(4)

FigLlre5 illLlstrates tllc’r(’lati\’e syllltJol timing twtween thereceivwi  symbdsanci the CkJstas  m a t c h e d

filters. From Hqs. (4) and (5) and l;ig. 5, WC’ can show that when iL - II (( T and Tk <0

(6)

(7)



] H(L:1)

N, (k)=-;; >(I, (m7:$)
rn – II

] ?,(1+,1)
No(k) = – >n@’,)

11 ,,,, ,,~

symbol polarities, respect  ivt~lyo

~’he outpu 1s of the matched filters in Fig. 4 can be obtd inecl for each symbol using the estimates of the

carrier phase, carrier frequmc  y, and symbol timing. 1 ‘he matched fi Iters are then followd by the upctatc

filter, loop filter, and NC?3. I’he simulation n~odLIls for the Costas filters and the NCC) are described in

SL~ction 2.2.

2.2 C’ostas 1 loop Simulation Moclcls

l:igure 4 illustrates the analytical and simulation blocks that are used for the demodulator analysis. in

this figure, the analytical and simulation blocks are clenotccf by dark-blocks and clear-blocks, respectively.

(8)

[)R.<yltzlml
11 = integer .. ——- .—— .-.

%,,,;.,. c,,>lf”,(
= nLllllbc`r  [) fsyllJl)()ls  ~>er~t~7dat~' titl~ef()r (()stasl()c)~3

Rrfl,, i,>, ,,,,,,O,P z C()stas 1(~(~]> filtc*r ~l}>datc' ra[c`(l()  kllz,, f()rtl~is ai~alysis)

n-1 = tl~)datc’salllj~lc’cc~llnt  fortl~t’Costasloo]>

ltsl~ollldl )c’llot~~dt llattl~c~tl]>date filter uself  sarlll>l~’s  as itll>llt togc’tlcrat~~ all otltlJ~lts allll>lt’.W llercJas

tlw (rotas loop is inqllmwnted  at thesyndml  rate, the Imp filtcropmates  at a different rate called the

update rat~’.

l~r()t~~ltig. 4,tll(' oLitl>ltt c) ftl~e~l]3datc' ratc`filter is first followed bytl~c' s('cc)l~d-()rder  1()()]>  filtc'r {)l>eratil~C

at the symbol rate, and the loop filter is followed by the NCO that operates at the symbol rate. ~’he
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output of the NC.O is then used by the Costas phase detector for calculating the matched filtc’r results.

Also seen from I:ig. 4 and Eqs. (7) and (8) is the couplirr~ to the SS1,. 3’l~L’ analytical and simulation models

of the SS1, are ckscritwct in %ction  3.

‘1L. Symbo] SynC ] ,00~1 Models

l:igurc’ 1 illustrates the functional block ctia~ram of the symbol sync kmp and the Costas loop. Similar to

tlw Costas loop, both analytical and simulation tools arc used to determine the performance of the SS1,

‘1’hc output of the mid-phase integrator is ctcriv~d analytically, whereas sim(llation is used for obtaining

the outputs of the update filter, loop filter, and the NCO.

Section 3.1 prwmts  tlw analytical cterivat  ions of tlw SS1,, and %’ct ion 3.? prcsmts  the simlllalion Jmlhocts,

3.1 SS1, Analytical Models

Figure’ 6 illustrates the relative timing betwmn the rcceivd symbols and the SS1. mitt-phaw integrator

l;mn liigs. 1 and 6, the output of the mid-phase integrator (windowed 11)1:) is given by

—{,,:gj:(lll~r)+,,:gj::( i~:r)}w,,),,.(k)  =  1 (9)
2Y’11

Y’ -.

slow)

number of samples per window, Y’

single-sidd window, normal im~d by the symbol d u rat ion (Y’ < ().5)

output of tlw in-phase> low-pass filter, givcm by }iq. 3

l;rorn the results of l;qs. (5) ad (9), tlw output of tlw mici-phase integrator can tw simplified to

b+ Jq,

W,,,r(k + 1)= Cos{(k  + z, )7hq  + 0,} ~d(m7:,  -1 T,T)  -t NW, (J(-) (lo)
n)= h- Jq.



AIo1, ok, and ZL arc the Gstas loop sample freqLlmcy error and phase error, and the estimatd SS1,

timing error, respectively. From Fig. 6 and for 7~,{, - 71 (( Zk , Ilq. (10) can bc r~ducd to

Wl,,r(k  -1 1)

= cos[(k  + TL )7A[D1 -t 81 ]{(Y
J - TL )dk. ~ + (Y’ -t Tl )dk } -t Nh7 (k) for

= 2.Y’dL cos[(k + z, )MoL + f3L] + NH,,(k) j)r ZL ) o and ().5)

= 2Y’dL.,  Cos[(k  + z, pm,  + 0,]+ NW,(L-) .f{w z,) o and ().5) Iql ) Y’

~ ‘Iw mid-phase integrator is then followed by the phaw ctdector, update filtc’r, loop filter, and tlw NCX3.

“N-w simulation models for tlw SS1, filkvs and NC(3 arc ctt’scribd  in Section 3.2.

3.2 SS1, Sinlulation  Models

l~igure 4 illustrates the analytical and simulation blocks for tlw symbol sync 100p. Similar to tll~~ costas

loop, tlw analytical and simulation blocks arc denoted by dark-blocks  and clear-blocks, respectively.

l;rom l:ig. 4 and Iiq. (1 1), tlw output of the SS1, update filter can tw (Jxpr(>sscd as

(1+ 1).

H Sgn[fw,  (k)] - w~[J’f/(~ - 1)1
W,,,,l ( / ) =  ~ w],,,.(k)  - - - -

IL=lV+l 2 11

whmc

“=i’’teg’rF’’l-----l
= number of symbols per update time, for SS1

Sym 1)01. Syl,dl  1![,[1/1  (f’

R Syl)llml  Syllrll llplilm
— SS1, updat(j  rate, 1 kl 17,

M,(k) I@  detected symbol

1 upctatc  sarnplc’ count for the SS1, update-filter

Similar (0 tlw Clrstas lmp  it shou Id lw nd(d that the update filter uses v satnplcs as

(12)

input to generate an

output sample. Whereas the SS1, updates at the symbol rate, the loop filter opera Rx at the update rate.

From }:i~. 4, the update filter is followed by the scccmt-mder  Imp  filter and the NCO.

l;igure 7 illustrates the owmll  simulatim  algorithm. ‘1’1](’ results Of the simulaticm are the acquisition,

tracking, and bit-mor rate statistics. These results are prcsmtd for varims l(mp parameters in %>ction 4.
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4. Simulation Results

IOJ<;  o r  p,pr+: for the 111’SK Costas loop and,

Iq[<: for the symbol sync loop

l’igure 8 illustrates the UI’SK Costas loop tracking variance vc’rsus lll)/Nc) for various Costas loop and SS1,

bandwidths. }:igure 8 also presents the theoretical tracking variance for the IH’SK Cmtas  loop. The

comparison shows the simulation results to be within a small margin of their tlworetical counterpart.lt

should be noted that thetheoretical  calclllatic)l~sdol~c)t il~cllld[’ tl~t’c{)lll~lit~  geff~~ct between the SSl, anct

Chstas loop. }:igllr(’ 9 similarly illustrates SS1 tracking variance versus E[l/N(, for various receiver

band widths.

l:igures 10 and 11 present the IH’SK C.ostas loop and SS1, man time of carrier and symbol timing

acquisition in seconds, versus ltt~/Nc), r[’sj~c>ctil~~’ly.rl’l~e  mean timeof acquisition data is obtainwt by

av~.ragin~ t]l~~ acqllisition  tinl(~  for various noise SWCtS, initial carrier phaw, and initial symbol timing;

}:igure 12 illustrates the cumulative distribution function (Cl>]:) of the C.ostas and SS1, acquisition time for

the coupled loops.

Figure 13 presents the bit-error-rate results versus Ilt)/N().  Also shown in this figure are the experimental

Illtl<r~'slllts frc)ll~l<c'f.  5forcc)l~\~c)lLl tic)l~al  c()d~'d  data w'itllrat~J =l/2atld k=7.3’1~[’ co~l~l>arisolls  l~owstl~e”

simulation results to be within 0.25 ctI\ of the nwasur~d data.
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Table  1. Simulation I’arameters.

System ]>arameters:
Ili t J<ate . 20 kbps
Costas up-date rate =10 kHz
SSl, up-date rate= 1 klJz,
SSl, Window= 0.5, ]lorrllali7.ed t{Jasynlt>c)l  dllrati[)ll
SSl,frc~qll~~r~cyerror= ().()117.
Nlll~~l>crofiteratiol~s:  10
Nll~~~l~crc)fsirnlllated  symbols: 10,()()()()0()
Coctingnwhxl: convolutional using Rate’= l/2K=7

]nitial  Conditions:
Jnitial. carriwphasc’,  - 7r/2S 00 S n/2, ratldc)llllys[’1~’ctc’d ~isirlg ~lllifortlld istrit~tlliorl”

lflitial syrlll>ol tirllitlg, -().5< 70 <().5, ratldotlllys[’1[’ctc~d  Llsirlg lltlifortlld istrit>lltic)]l
Noiw seed: “1 ‘hc noise seed is changed for the number of itwat i(ms

Variables:
Coslas loop bandwidth = 2,5, 10,20,40,80, and I(N 1 Iz.
SS1, loop bandwidth = 2,5, and 101 IZ
(arricr frequency error = 1,2.5,5, 10,20,40, and 501 J?
ll~,/N{) = 3-5 cttl
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Figure 2. System  level  Simulation of the BPSK  Demodulator, llsing  Sf’W
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